The cholecystokinin receptor-type 1 (CCK1R) is a G-protein coupled receptor localized in the 18 animal gastrointestinal tract. Receptor activation by the natural peptide ligand CCK leads to a 19 feeling of satiety. In this study, hydrolysates from soy and milk proteins were evaluated for 20 their potential to activate CCK1R, assuming that bioactive peptides with a satiogenic effect 21 can be used as an effective therapeutic strategy for obesity. Different protein hydrolysates 22
INTRODUCTION 35
The cholecystokinin receptor-type 1 (CCK1R) is a G-protein coupled receptor, which is 36 expressed in different cell types of the animal gastrointestinal tract, including vagal afferent 37 cells and muscle cells of the intestines and stomach [2, 3, 15] . Activation of this receptor by the 38 natural peptide ligand cholecystokinin (CCK) can induce a feeling of satiety [12] . There are 39
indications that bioactive peptides from food protein evoke a similar effect [4] and could 40 therefore be used as an ingredient for functional foods with a satiogenic effect. This has 41 relevance for the treatment and prevention of obesity [1, 19] . 42
Previously, we described a cell-based bioassay to assess the CCK1R-activating 43 potential of pure compounds [20] . The technique is based on the fluorescence measurement of 44 a CCK1R-induced intracellular calcium increase with a plate reader and results were validated 45 using confocal microscopy. The natural ligand CCK8S and a partial agonist JMV-180 were 46 used to activate the CCK1R signaling cascade. We now evaluated the performance of this 47 . This net response was expressed as a 117
percentage (mean ± SEM) of the net response induced by 1 nM CCK8S. Statistical analyses 118
were performed using one-sample Student's t-tests, two-sample Student's t-test or non-119 parametric Wilcoxon rank sum tests. Differences between net responses were considered 120 significant for p-values smaller than 0.05. Sigmoid dose-response curves were generated for 121 the net response versus sample concentration relationships and the EC 50 value (the sample 122 concentration at which 50% of the maximum response was reached) was calculated using 123 Prism v4 software (GraphPad Prism, La Jolla, CA) [24] . 124
Specifically for confocal microscopy, the robustness of the single cell analysis was 125 determined using an in silico approach, which calculates the minimal numbers of cells to 126 determine the net response accurately [20] . To this end, selected image data sets containing all 127 individual cell responses were progressively eroded by omitting one single, randomly selected 128 cell at a time, down to one single cell, and by calculating the average response with each step. 129
This was repeated 100 times on permutated data sets to obtain a distribution that represents 130 the variability within the data set. From these distributions, the coefficient of variation (COV= 131 standard deviation/mean) was derived and plotted against the number of cells. 132 with the fluorescence plate reader since this setup proved to be a fast and reliable tool for pure 138 compounds [20] . A net response was measured for these hydrolysates between 90 and 300%. 139
However, there was a high variability (25 to 40%) and the fluorescence profiles showed 140 atypical kinetics. Upon addition of the protein hydrolysates an immediate (within 0.3 s) 141 increase in fluorescence was observed. The increase was 5 to 7 times higher than that 142 observed for CCK8S and this was the case both for CHO-CCK1R and CHO-K1 cells ( increase was lower than that induced by 1 nM CCK8S, reached a maximum response after 156 several seconds and gradually faded (Fig. 1b) . In addition, the fluorescence increase of CHO-157 8 CCK1R was significantly higher than that of CHO-K1 cells. For the 7S soy hydrolysate, a net 158 response of 13.4±3.0% (n=5, p=0.01) was measured, which was significantly different from 159 zero. Net responses were obtained of 7.7±1.4% (n=2, p=0.11) for the к-casein hydrolysate and 160 19.9±4.2% (n=2, p=0.13) for the α-lactalbumin hydrolysate, but these were not significantly 161 different from zero. 162 3.2 Confocal microscopy allows to measure CCK1R activation accurately, excluding false 163 positives 164
Only the 7S soy hydrolysate shows a significant net response 165
In our previous work with pure compounds [20] , we noted that it was important to validate the 166 data from the plate reader with a confocal microscope, especially in a context of strong 167 autofluorescence background. In addition, especially for crude hydrolysates, highly variable 168 results were obtained with the plate reader, as reported above. Therefore, the experiments 169 with the soy and milk protein hydrolysates were repeated using confocal microscopy and the 170 population-average response was calculated. To this end, the average pixel intensity of an 171 image comprising 150 to 250 cells was measured per well. Interestingly, the high responses 172 found with the fluorescence plate reader for the crude soy hydrolysates were not reproduced 173 with the confocal microscope. Compared to the CCK8S-induced response, a delayed and 174 limited increase in fluorescence was observed (Fig. 2a) . CHO-CCK1R cells and CHO-K1 175 cells reacted alike, resulting in a low net response for all hydrolysates. The net responses for 176 soy hydrolysate E110, AM41, A2SC and A3SC were not higher than 7.7% and none were 177 significantly different from zero. Taken together, these results showed that the crude 178 hydrolysates failed to induce a CCK1R-mediated Ca 2+ -flux. 179
As for the hydrolysates from purified proteins, confocal analysis of the 7S soy 180 hydrolysate (1 g/l) showed a significant net response of 14.3±1.8% (n=4). Moreover, the 181 fluorescence profiles demonstrated reliable kinetics. An exponential increase was observed in 182 9 fluorescence signal, which was significantly higher for CHO-CCK1R than for CHO-K1 cells; 183 it reached a maximum and subsequently decreased (Fig. 2b) . For this hydrolysate, a dose-184 response curve was established (Fig. 3) , from which an EC 50 value was calculated of 0.069 185 mg/l (95% confidence interval: 0.028-0.170 mg/l; R²=0.79). 186
For the milk к-casein hydrolysate, a net response of 10.6±5.1% (n=2) was measured, 187 but it was not significantly different from zero (p=0.28). The net response of the milk α-188 lactalbumin hydrolysate was negligible. 189
Single-cell variations for the 7S soy hydrolysate 190
To complement the aforementioned population-average approach and obtain a better Fig. 1 ). Despite the inherent variability and fluctuations in both cell types, all 208 doses, except for 3.9E-03 g/l, induced a response in CHO-CCK1R cells, which was 209 significantly different from the dose-matched CHO-K1 controls (Fig. 4a) . 210
As a measure for the robustness of the single cell analysis, we determined the numbers 211 of cells required to obtain an accurate estimate of the average net response on representative 212 datasets of the 7S soy hydrolysate. When the coefficient of variation of the net response was 213 plotted against the numbers of cells that were included (as described in the material and 214 methods), a strong exponential decrease was observed for increasing numbers of cells (Fig.  215   4b ). On average, across the entire dataset, 15±2 cells were required to determine the net 216 response (±5%) with 95% confidence. 217
Finally, single cell analysis on image datasets of the soy hydrolysate E110 showed 218 significant intensity fluctuations, which were equally abundant in CHO-CCK1R and CHO-K1 219
cells. Comparison with the fluorescence profiles of background regions (without cells) 220
confirmed that the fluorescence kinetics as measured by the population-average method, were 221 predominantly caused by non-specific calcium fluxes ( Supplementary Fig. 2) . 222
The effect of lorglumide on the 7S soy hydrolysate 223
To test the specificity of the CCK1R response elicited by the 7S soy hydrolysate (1 g/l), 224 confocal microscopy experiments were repeated in the presence of 50 µM lorglumide, a 225 known antagonist of CCK1R. The fluorescence profiles of lorglumide-treated CHO-CCK1R 226 cells showed a significant decrease compared to the profiles of cells without lorglumide 227 pretreatment. But surprisingly, this decrease was also observed with the CHO-CCK1R cells 228 (Fig. 2b) , and as a result, the net response showed no significant change between lorglumide-229 treated and non-treated cells. 230
DISCUSSION 231
In this study, we have screened raw soy hydrolysates and purified soy and milk proteins for 232 their potential to activate the CCK1R. First, crude protein hydrolysates were tested, which 233 were commercially available. A primary screen was performed with a fluorescence plate 234 reader. However, this device produced dubious results. Very high fluorescence responses 235
were measured for the complex matrices, which mainly seemed to be attributed to background 236 autofluorescence within the sample rather than to a CCK1R-induced Ca 2+ were cellular responses, even though they were non-specific and occurred both in CHO-252 CCK1R and CHO-K1 cells. Hence, we conclude that confocal microscopy allows for 253 measuring a more specific response and testing higher sample concentrations when working 254 with autofluorescent samples. 255
As for the hydrolysates from purified proteins, the 7S soy hydrolysate yielded a 256 significant response with a fluorescence profile pointing to a real CCK1R activation. Single 257 cell fluctuations showed resemblance to those observed after administration of low 258 concentrations of CCK8S or partial agonists such as JMV-180 [20] , suggesting partial 259 activation of the CCK1R. The EC 50 value amounted to 66 mg/l which is in the same range as 260 the EC 50 value of a commercial soy protein hydrolysate (Quest International, Naarden, the In conclusion, the fluorescence plate reader seems less suited to measure complex 284 formulations and therefore can only be used to perform a rough primary screen. Confocal 285 microscopy is crucial to exclude false positive and to distinguish specific from non-specific 286 effects. Moreover, an equally high accuracy was obtained with pure compounds [20] , 287
indicating that the confocal microscope is as reliable for measuring complex formulations as it 288 is for pure compounds. Using confocal microscopy, we discovered that the gastrointestinal 289 digested 7S fraction from soy protein contains CCK1R activity. We also have indications that 290 CCK1R-activating bioactive peptides might be released from к-casein in milk, since 291 substantial activity was seen, although not significant at the tested concentrations in the 292 current experiments. 293
Further research is needed to increase the in vitro net responses of the protein 294 hydrolysates, which includes optimization of hydrolysis and purification of the active 295 fractions and peptides. Finally, validation of the effect of the active components in an in vivo 296 model is imperative. To our knowledge, this study is the first in which the effect of non-297 pharmaceutical CCK1R agonists, i.e. food protein hydrolysates, is analyzed in detail at the 298 cellular level. This knowledge may facilitate the screening and discovery of novel products 299 with CCK1R activity, thereby contributing to the battle against obesity. 300 The boxplots are based on the results of five technical replicates. Stars indicate significant 398 differences from the dose-matched CHO-K1 control (3.9E-03 g/l: p= 9.1E-01, 1.6E-02 g/l: 399
